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Abstract

The functionality and performance of devices based on atomically thin two-dimensional (2D) materials strongly depends on the
quality of the employed 2D material. Although molybdenum disulfide (MoS,) is an excellent candidate for future applications in
nanoelectronics, MoS, films have not yet reached the level of purity achieved in silicon technologies. At present, the formation of small
and extended defects in the material is inevitable during the growth process, and this has a non-negligible impact on the electronic
properties of MoS,. Furthermore, defects are also thought to affect non trivially the resistance at the MoS,-metal contact and the
injection of carriers. In this work, we systematically and thoroughly assess the impact of some of the most commonly occurring defects
in MoS, (such as vacancies, substitutions, and grain boundaries) not only from the point of view of the material’s properties but also by
looking at MoS,-metal contacts. To do so, we carry out ab initio computer simulations in the density functional theory (DFT) framework
coupled with surface simulations based on the Green’s function formalism. Our simulation approach allows us to obtain more realistic
models of MoS, interfaces with Au. Moreover, this is the first theoretical study in which the effect of grain boundaries on the MoS,-Au
contact properties is explored. Results suggest S vacancies to have a detrimental effect on the quality of the metal contacts, whereas
Mo vacancies strongly improve the electron injection from the metal to MoS,. Antisite Mo defects also lead to an increased electron
injection rate by acting as “‘conductive bridges” between the Au electrode and the 2D material. Finally, each of the grain boundaries
here considered improves the quality of the contact. We expect our study to provide the necessary theoretical foundation for the design

of MoS,-metal contacts with suitable characteristics.

1 Introduction

Atomically thin two-dimensional transition metal dichalco-
genides (TMDs) have attracted a great deal of interest for fu-
ture applications in nanoelectronics. !~ In particular, monolayer
molybdenum disulfide (MoS,) has been shown to display highly
desirable mechanical, electronic, and optical properties due to its
intrinsic reduced dimensionality, which could also enable very
compact and low-power devices. For instance, MoS, has a very
good carrier mobility at room temperature (estimated to be as
high as ~ 400 cm? V~'s71),%7 and chemical stability up to 1100
°C. Moreover, in contrast with graphene, monolayer MoS, shows
a direct sizeable band gap of 1.8 eV,® thus making such material
suitable for a wide range of devices including field-effect transis-
tors (FETs), memory devices, and optoelectronics.9‘13

Pivotal for the use of MoS, in electronic devices is the possibil-
ity of wafer-scale production, which nowadays is mostly achieved
via chemical and/or physical vapor deposition (CVD and PVD,
respectively). However, while both techniques could be suitable
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for mass production, the resulting material is often far from be-
ing pristine. Structural defects such as vacancies, substitutions,
and grain boundaries are introduced in MoS,, and these have
been shown to significantly affect the material’s properties. '4~1°
For instance, transistors built with CVD- and PVD-grown single-
layer MoS, have shown significantly lower carrier mobilities (45
em?V~'s7! and >1 em? V=!'s™!, respectively) with respect to
the ideal value cited above.?° This has been argued to be due
to the high concentration of defects (typically on the order of
1013 cm’z) in the material’s surface.?! However, such defects
may also have a positive impact on the overall functionality of
nanodevices: for instance, one of the proposed working mecha-
nisms of 2D memristors made of monolayer MoS, involves the
migration of point defects (mainly sulfur mono-vacancies) with
the formation of conductive-like channels. This would result in
the modulation of the material’s resistance at the interface with
the metal electrode, and would explain the capability of the de-
vice to switch from its high-resistance state (HRS) to its low-
resistance state (LRS).'12%23 Sun et al. demonstrated how de-
fects can also enhance the adsorption of Li on monolayer MoS,,
therefore improving the energy storage capabilities of such ma-
terial in the context of Li-ion batteries.?* Grain boundaries have



also been shown to be crucial for the functionality of MoS,-based
memristors: Xu and co-authors 2 built a device made of bi-layer
MoS,, and they demonstrated that its working mechanism is due
to the migration of metallic ions from the Cu electrode to MoS,,
which is facilitated by the presence of grain boundaries in the
material. In addition, it was shown that grain boundaries play a
crucial role for the functionality of the memristor devices built by
Sangwan and co-authors. 2

Overall, there is clear evidence of the non-negligible impact
of structural defects on the electronic properties of monolayer
MoS,, and in turn on the performance and on the working mech-
anisms of 2D nanodevices. Moreover, equally important is the
choice of the metal electrode: for instance, some metals can
chemically react with MoS,, whereas others are only weakly in-
teracting with the material via weak dispersion forces. Clearly,
this has a strong impact on the contact resistance at the metal-
MoS, junction.?’"2° Furthermore, Fermi level pinning at the
MoS,-metal contact could also lead to large Schottky barriers and
contact resistances, which are known to limit the device perfor-
mance by introducing unwanted parasitic elements.3*3! Indeed,
one of the drawbacks of TMDs is the generally higher metal-
semiconductor contact resistivity with respect to other 2D ma-
terials, such as graphene.? Among the many different options,
Au is perhaps one of the most commonly used elements to build
electrodes in MoS,-based devices, due to its stability and chem-
ical inertness. Moreover, Au can also act as the support when
growing large-area monolayer MoS,. 3

Clearly, a deep understanding of the physics and chemistry at
the interface between Au and MoS, would be highly beneficial, in
order to elucidate the interface energetics, carrier injection rates,
and more generally to improve the design of metal contacts in
2D nanodevices. To this end, theoretical simulations based on
atomistic approaches are undoubtedly useful, as in real samples
different defects might be present in the material simultaneously.
Thus, simulations allow us to i) assess and predict the impact of
defects on the properties of both the 2D material and the inter-
face, and ii) disentangle the effect of different defects. Indeed,
the ideal defect-free Au-MoS, interface has been already widely
studied. 2’2 However, as previously mentioned, experimentally-
grown MoS, often presents a high number of structural defects.
More recently, theoretical studies on the interaction between Au
and defective MoS, have also been carried out: for instance, Tu-
mino et al. combined STM images and large density functional
theory (DFT) simulations to elucidate the role of point defects in
single-layer MoS, supported on Au(111).3* Yang et al. studied
the impact of sulfur vacancies in tuning the n- and p-type char-
acteristics of MoS, in top contact with Au electrode.® Qiu and
co-authors also carried out DFT simulations of defective MoS,-
Au interfaces, mainly focusing on the role and concentration of
sulfur mono-vacancies on the charge redistribution at the contact
interface. 3

However, we point out that such studies focused on a limited
subset of point defects, mainly sulfur vacancies and small clus-
ters. Moreover, to the best of our knowledge, no studies have been
carried out yet considering MoS, structures with grain boundaries
in contact with Au. Therefore, in this work we perform accurate
atomistic DFT simulations of defective Au-MoS, interfaces con-

sisting of a larger set of structural defects commonly occurring
with both CVD and PVD growth methods, ' with also the in-
clusion of grain boundaries. Additionally, in our simulations we
employ surface models based on the Green’s function approach,
in order to have a more realistic representation of the metal elec-
trodes rather than carrying out simulations based on slab models.
To the best of our knowledge, this is the first time that such a
simulation approach has been used to study defective Au-MoS,
interfaces.

This work consists of two parts: first, as the essential prereq-
uisite to the following more complex simulations, we investigate
the properties of point defects and grain boundaries (GBs) in free-
standing MoS,, i.e., without the inclusion of the metal electrode.
This allows us to assess the impact of defects on MoS, itself,
and to validate our simulation approach. Then, the knowledge
gained in the first part of this study is used as a starting point to
carry out the main part of this work, which consists on the inves-
tigation of the chemistry and physics at the Au-MoS, interface.
In summary, we want to thoroughly understand the properties of
Au-MoS, contacts in realistic conditions, i.e., with a defective 2D
material.

This paper is organized as follows: in the following section
(Simulations Details) we describe the setup of our computer sim-
ulations and the model employed; in Results and Discussion we
discuss on our simulations of defective MoS, and Au-MoS, in-
terfaces, in the context of 2D devices. Finally, Conclusions are
presented in the final section.

2 Simulation Details

In this work, we considered monolayer MoS, with either point
defects or grain boundaries, in top contact with the Au elec-
trode. Given the high number of structural defects experimen-
tally observed in such material, we only focused on those which
are the most abundant with both CVD and PVD growth tech-
niques, as discussed by Hong et al. in their work.!# The point
defects here considered are: sulfur mono-vacancy (Vs), sulfur di-
vacancy (Vs»), molybdenum vacancy (Vy,), antisite Mo filling
one S mono-vacancy (Mog), antisite Mo filling one S di-vacancy
(Mosg»), and two Mo atoms filling one S di-vacancy (Mo2sy).
These are all shown in Figure 2. Interestingly, the first three types
of defects mostly occur with the CVD method, whereas the latter
three with PVD. Regarding the grain boundaries, we have consid-
ered three representative cases characterized by a tilt angle of 60°:
two mirror-symmetric GBs (4|4P and 4|4E), and one asymmetric
GB (8|4). The 4|4P structure consists of a series of 4-fold rings
connected by a shared point, whereas in 4|4E the 4-fold rings all
share an edge; finally, the structure of 8|4 consists of alternat-
ing 4- and 8-fold rings. The structure of these GBs are shown
in Figure 4. We point out that both 4|4P and 4|4E have been fre-
quently observed in experimentally-grown MoS, samples, 16,3740
with the former being among the most commonly occuring GBs
in MoSz,“. Also, 8|4 has already been discussed in the litera-
ture, 374244

We first studied the electronic properties of free-standing MoS,
with either point defects or GBs. To study isolated structures



Table 1: Simulation cell parameters of Au-MoS, interfaces with
the inclusion of GBs.

Parameter Au-4/[4E  Au-4/4P  Au-8|4

a(A) 459004  53.9631 53.2194
b (A) 3.19013  3.16922  5.54199
c(A) 493090  47.6598  49.3582
o 90.0000°  90.0000°  90.0000°
B 90.0000°  90.0000°  90.0000°
Y 93.3374° 100.116° 65.3823°

with point defects, we considered 5x5 hexagonal MoS, super-
cells to obtain realistic defect concentrations, within the experi-
mental range of ~10'3 cm™2. We ensured an in-plane distance
between the structure of GBs of at least 15 A to avoid any spu-
rious interaction. Likewise, we also included at least 20 A of
vacuum below and above the MoS, layer, in the out-of-plane di-
rection.

We then coupled each of these structures with the Au(111) top
electrode. We ensured that the induced strain due to the lattice
mismatch between the mono-layer and the metal was as small as
possible, compatibly with the feasibility of the simulations. We
point out that since it is well known that the electronic properties
of MoS, can be significantly affected by strain,® only the struc-
ture of the Au electrode was strained. We note that the calculated
in-plane lattice constant of MoS, was 3.16 A, in very good agree-
ment with experimental data.*® When considering point defects,
we started from a 3 x 3 orthorombic MoS, supercell, and we posi-
tioned Au(111) on top, thus obtaining an orthorombic Au-MoS,
interface simulation cell. The resulting mean absolute strain on
Au was low and ~3%. By choosing such a MoS, supercell we
were able to maintain once again the concentration of defects
within the typical range of values found in experiments (~10'3
cm~2). The simulation cell parameters of each Au-MoS, inter-
face were a= 16.4219 A, b= 9.4812 A, ¢= 455679 A, and a=
90°, B=90°, y=90°. From this point onward, we will refer to the
defect-free interface as Au-MoS,, whereas if point defects are
considered we will write Au- followed by the abbreviation of the
defect. For instance, Au-Vg refers to the interface between Au
and MoS, with the inclusion of one S mono-vacancy.

We followed the same strategy when constructing interfaces
between Au and MoS, with GBs, in order to minimize as much
as possible the artificial strain on Au while striving to maintain
the number of atoms as low as possible. Similarly with point
defects, we will refer to the structures with GBs as Au- followed
by the abbreviation of the GB. We obtained interfaces with an
induced mean absolute strain on Au of ~4% in both Au-4|4E and
Au-4|4P, and of ~2% on Au-8|4. We point out that the interface
structures here constructed were not necessarily orthorombic, and
the simulation cell parameters are shown in Table 1.

Atomistic simulations were carried out in the framework of
density functional theory (DFT) with QuantumATK atomic-
scale modelling software.*”*® We performed spin-polarized cal-
culations in vacuum using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,® and to model core electrons
we used norm-conserving pseudopotentials from the PseudoDojo
library.”® We employed the LCAO approach with a density-mesh

:
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U U
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Figure 1: Schematics of the Green’s function surface model used
in this work to simulate Au-MoS, interfaces. The structure here
shown is the optimized interface at the PBE-D2 level between Au
and pristine MoS,. On the left side, the fully periodic bulk Au
electrode is shown, whereas on the left side the surface-vacuum
interface can be seen.

cut-off of 200 Ry for the isolated point defects and GBs, and of
150 Ry for the interface models. The QuantumATK-optimized
Medium basis set was used throughout this work. When mod-
elling interfaces we also included the Grimme’s D2 dispersion
correction®! to take into account dispersion interactions. Geom-
etry optimizations of free-standing defective MoS, were carried
out with a convergence threshold of the atomic forces of 0.01
eV/A, and in all simulatons we employed a k-point mesh defined
by a 5 x 5 x 1 Monkhorst-Pack (MP) grid,>* whereas for com-
puting the density of states (DOS) we employed a 9 x 9 x 1 MP
grid.

To model Au-MoS, interfaces we carried out Green’s function
surface calculations as implemented in QuantumATK:>? in con-
trast to the widely used slab method, surface calculations within
the Green’s function formalism allow us to construct Au surfaces
which are essentially fully periodic in one direction, and there-
fore with only one single surface-vacuum interface. In addition
to obtaining models which are more physically realistic, simu-
lations are also significantly less affected by the size of the sur-
face thickness. We constructed our surface models by consider-
ing MoS, coupled with six atomic Au layers. We imposed Neu-
mann boundary conditions in the vacuum direction and Dirichlet
boundary conditions at the boundary with the bulk Au electrode
(see Figure 1). Given the size and the computational cost asso-
ciated with such systems, simulations of point defects were car-
ried out with a 2 x 3 x 138 MP grid, whereas to compute device
density of states we used an MP grid defined by a 8 x 12 x 138
k-point mesh. Geometry optimizations were converged with a
maximum allowed atomic force threshold of 0.05 eV/A. For the
interfacial GBs we used the following settings: 1 x 12 x 138 for
Au-4/4P, 1 x 12 x 138 for Au-4|4E, and 1 x 7 x 128 for Au-8|4.

3 Results and Discussion

3.1 Electronic Properties of Defective MoS,

The first part of this study, which serves as a prerequisite for fur-
ther simulations on Au-MoS, interfaces, is dedicated to the anal-
ysis of the structure and the electronic properties of MoS, with
the inclusion of either small point defects or extended defects
(grain boundaries). As discussed in the previous sections, it is
well known that MoS, grown by common methods like CVD and
PVD is far from being a pristine material, as numerous defects are
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Figure 2: Optimized structures at the PBE level of the 5x5 hexagonal supercells of pristine and defective MoS,. Starting from the
top left and following the pristine material, Vg stands for sulfur mono-vacancy, Vg, for sulfur di-vacancy, and Vy, for molybdenum
vacancy. Those in the bottom are all antisite Mo defects, where Mog represents the antisite Mo atom filling one S mono-vacancy,
Mosg, the same antisite atom filling one S di-vacancy, and Mo2g, two Mo antisite atoms filling one S di-vacancy. For each antisite
Mo defect the side view of the optimized structure is also shown for clarity.

inevitably introduced following the growth and annealing proce-
dures. Point defects can reach high concentrations, typically on
the order of ~10'3 cm™2. Tt is clear that with such high defect
densities the electronic properties of the material could be dra-
matically different from the ideal defect-free case.

From the structural point of view, we found that introducing
point defects (either vacancies or substitutions) leads to a small
atomic rearrangement of the MoS, structure, as can be observed
in Figure 2, where the DFT-optimized geometries of pristine and
defective MoS, are shown. Vs, caused the three surrounding Mo
atoms to move closer in order to fill the gap left by the two axial
S atoms. We observed the Mo-Mo distance of such three atoms
to significantly decrease from 3.17 A to 2.85 A. On the contrary,
with Vo the three surrounding S atoms moved slightly away
from the gap left by the missing Mo atom, thus reducing the Mo-
S bond length from 2.42 A to 2.38A. In each Mo antisite defect
the extra Mo atom occupies the position of the missing S atom,
thus forming bonds with the three surrounding Mo atoms in the
core of MoS,. The bond length between the extra substitutional
Mo and the three core Mo atoms was found to be 2.58 A, which is
larger than the typical Mo-S bond length (2.42 A). Indeed, from
Figure 2 it can be observed that the antisite Mo atom sticks out
slightly of the basal plane of MoS,. Finally, we also note that
when two antisite Mo atoms are present (Mo2g,) they are found
to lie on the same vertical axis. Overall, given the size of the
MoS, supercell which ensures a reasonable defect concentration
of ~4.6x10'3 cm~2, we found point defects to have a limited and
rather localized effect on the MoS, crystal structure.

To investigate the impact of point defects on the electronic
properties of MoS, we computed the density of states (DOS) of
both the pristine and the defective material (see Figure 3), with
projections onto the relevant atomic orbitals of S and Mo (S-3p
and Mo-4d). As can be seen from the figure, our simulations
predicted pristine MoS, to be a seminconductor with a band gap
of 1.79 eV, in excellent agreement with the experimental value of
~1.8 eV.® Moreover, as expected the S-3p and Mo-4d orbitals are
those with the most significant contribution to the overall DOS.
Then, we found that S vacancies (Vs, Vs») introduced localized
intra-gap states, whose contribution is significantly given by the
Mo-4d orbitals with respect to S-3p orbitals. These extra states
are located above the Fermi level and ~0.57 eV from the edge
of the material’s conduction band. We note that this is consis-
tent with previous DFT simulations. !> We point out that in
their work Bhattacharjee et al.!? found the extra states to be lo-
cated ~0.73 eV from the edge of the conduction band, however
the authors used a much larger supercell (8§ x8) to simulate de-
fective MoS,. This effectively reduces the concentration of the
S vacancies with respect to our study. We expect this to have
a non-negligible effect on the energy of the intra-gap states, al-
though our simulations essentially predict the same. In addition,
in Vs, we observed additional states overlapping with the mate-
rial’s conduction band edge. Then, we found that V), led to a
number of deep intra-gap states, some located below the Fermi
level, and others above the Fermi level. Interestingly, we ob-
served that the states below the Fermi level and closer to the va-
lence band edge of MoS, are given almost exclusively by the S-3p
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Figure 4: Optimized structures at the PBE level of the grain
boundaries (GBs) in MoS, considered in this work.

orbitals, whereas in the states above the Fermi level both S-3p and
Mo-4d show a significant contribution. From the projected DOS
(PDOS) shown in Figure 3 one can also observe that vacancies do
no induce any magnetic moment in the material. On the contrary,
antisite Mo substitutions were all found to induce a spin magnetic
moment of 1.8 ug, 2.0 ug, and 4.0 ug in Mos, Mos,, and Mo2g;,
respectively. Previous theoretical studies '3* on Mos and Mosg,
antisite defects also corroborate our present findings. The pres-
ence of a non-zero magnetic moment in Mo antisite defects was
explained as the result of two extra unpaired electrons on anti-
sitte Mo coming from the surrounding Mo atoms. Similarly to
vacancies, each of these antisite defects was found to introduce
a number of intra-gap states in MoS,, whose contribution to the
overall DOS is given almost exclusively by the 4d orbitals of the
Mo atoms.

Following the study on point defects, we then focused on the
electronic properties of grain boundaries. The optimized struc-
tures are shown in Figure 4, whereas the PDOS of the GBs are
shown in Figure 3, once again projected onto the 3p and 4d or-
bitals of S and Mo, respectively. From the same figure it is pos-

sible to observe that both 4|4E and 4|4P introduced a significant
number of low intra-gap states in the material, effectively lead-
ing to the vanishing of the band gap. This corroborates previous
studies claiming that such GBs may lead to 1D metallic strips in
MoS, .3 Differently from 4|4E and 4|4P, 8|4 only led to the
appearance of localized deep intra-gap states, above the Fermi
level. The orbital contribution on the intra-gap states in GBs is
given mainly by Mo-4d orbitals, with a smaller contribution by
S-3p. Finally, we also note that none of the GBs here considered
showed any spin magnetic moment.

In conclusion, we found that both point and extended defects
have a significant impact on the electronic and magnetic prop-
erties of MoS,: the appearance of either localized or diffused
intra-gap states is expected to dramatically modify the material’s
transport properties. This in turn could have a significant impact
on the performance of electronic devices based on MoS,. How-
ever, so far only the isolated material has been considered. In a
device, the 2D material will be in contact with a metal electrode.
Thus, in the next part we will focus on defective MoS, in contact
with the Au metal electrode.

3.2 Structure and Properties of Au-MoS, Inter-
faces

3.2.1 Geometry of Interfaces

In this second and main part of our work, we focused on the struc-
tural and electronic properties of MoS, in contact with the Au
electrode. At first, to gain a qualitative insight into the physics
and chemistry at the Au-MoS, interface, we investigated the
structure of both materials once in contact, and we calculated the
average interface distance (dAu—MoSZ) of each structure, as de-
fined in Figure 5. Additionally, we computed the electron density
difference (EDD) maps of the interfaces to visualize the redistri-
bution of charge upon creating the contact between the two ma-
terials. EDD maps can also be used to qualitatively assess the
strength of the interaction between Au and MoS, and the overlap
between orbitals. EDD maps are shown in Figure 6.

Initially, we focused on defect-free Au-MoS, (see Figure 1 for
the optimized geometry of the system), and we found an aver-
age interface distance of 2.71 A, in very good agreement with
previous values reported in the literature.?”-34%% We note that the
relatively large value of dau—mos, effectively limits the orbital
overlap between Au and MoS,, and prevents any chemical bond-
ing to occur. Indeed, our results are once again consistent with
the literature: the formation of a van der Waals (vdW) gap be-
tween Au and MoS, was reported, as well as the interface to be
characterized by weak dispersion forces. Such a weak interaction
can be explained by the d-band model, as Au has fully occupied
d bands.”’ Finally, we did not observe any significant structural
rearrangement of the atoms of either Au or MoS,, confirming the
weak interaction between the two materials. These findings cor-
relate with the EDD map of the defect-free interface in Figure 6,
which shows a very limited charge redistribution mainly at the
surface of MoS,.

We then looked at defective Au-MoS, interfaces in the pres-
ence of small point defects. The DFT-optimized structures of
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such systems are shown in Figure 5. As can be seen from the
figure, we found that introducing small point defects in MoS,
caused, to some extent, the displacement of the atoms at the in-
terface between the two materials. With both Vg and Vg, such
a displacement was limited, and involved mainly the atoms at
the bottom-most layer of Au. Similarly, the change in dau—Mos,
was not appreciable, its value being 2.73 A and 2.70 A in Au-Vg
and Au-Vgp, respectively. We note that the EDD maps of both
structures essentially confirm the limited effect of such vacan-
cies, as qualitatively such EDD maps do not significantly differ
from that of the defect-free material. Interestingly, in the Au-
VMo interface we observed a significant variation of the crystal
structure of the Au contact, presumably caused by the reactiv-
ity of the three S atoms in proximity of the Mo vacancy. Due
to the lack of Mo, such S atoms change from a 3-fold coordina-
tion (typical of the defect-free material) to a 2-fold coordination,
which explains the enhanced reactivity towards the Au surface.
Indeed, although on average day—mos 5 did not vary with respect
to the defect-free case, we observed the displacement of three Au
atoms, which moved closer to the 2-fold S atoms with distances
between 2.53 A and 2.59 A. The stronger orbital coupling be-
tween Au and V), can also be seen in Figure 6, where the charge
redistribution is significant. The EDD is not limited to the inter-
face region only but extends further into the second Au layer and
throughout MoS,.

Regarding the interfaces with antisite Mo defects, we observed
a significant displacement of both the atoms at the bottom-most
Au layer and the extra Mo atom in the MoS, surface. As dis-
cussed in the previous section, and as can be seen from both
Figure 2 and Figure 5, the substitutional Mo atoms filling the S
vacancies do not lie on the same plane as the other S atoms. The
bond length with the core Mo atoms of MoS, is longer than the
typical Mo-S bond length. We predicted the average vertical sep-
aration between the antisite Mo atoms and the Au layer to be as
short as 2.28 A, 2.36 A, and 2.22 A in Au-Mog, Au-Mog,, and
Au-Mo2g;, respectively. Furthermore, the presence of the Au in-
terface caused the displacement of antisite Mo atoms towards the
bridge site between two Au atoms from the metal contact. In each
of the Au-Mog, Au-Mos;, and Au-Mo2g; systems we found the
bond length between Mo and the two Au atoms to be 2.75-2.79
A, a range of values comparable with the Au-Au bond length in
the Au lattice (2.75 A). This suggests a strong reactivity of Mo
towards the Au surface, and most likely an enhanced orbital cou-
pling between Au and MoS,. This is confirmed by looking at the
EDD maps of these systems, where a significant charge redistri-
bution around the extra Mo antisite atom occurs. Furthermore,
we computed the electron localization function (ELF) of these
systems, and we could confirm the formation of a chemical bond
between the extra antisite Mo atom and the two Au atoms from
the metal electrode. The ELF plot of the representative Au-MoS
system is shown in Figure S4 in the Supporting Information.

Finally, given the widely experimentally reported abundance
of Vg in the material and the importance of such a defect on the
functionality of 2D devices such as memristors, we additionally
assessed the impact of Vg concentration on the interface proper-
ties of Au-MoS, contacts. We point out that, by using the simu-
lation cell described in the Simulation Details section, the initial

defect concentration with one single S vacancy per unit cell was
6.4x10"3 cm~2. By randomly introducing a second and a fourth
S vacancy we achieved a higher defect concentration of 1.3x10'4
ecm~2 and 2.6x10'* cm™2, respectively. Similarly to the case of
a single S vacancy, we observed a small rearrangement of the Au
atoms at the interface with MoS,, and a limited effect on the av-
erage value of day—Mos 5 which decreased from 2.71 A to 2.67 A
(see Figure S1 in the Supporting Information). We expect such
a decrease in dAu,Mos2 to have a limited impact on the orbital
overlap between the two materials. This is corroborated by the
EDD maps of both systems shown in Figure S2 (see Supporting
Information). We note that this finding is in contrast with the
work of Yang et al.>> who performed similar studies on defective
Au-MoS, interfaces and found that increasing the concentration
of S vacancies led to the collapse of some Au atoms from the Au
electrode to fill the S vacancies in MoS,. We could assume this to
be an artifact of the simulation approach employed in their work,
which involved a slab model of the Au interface rather than the
more realistic Green’s function surface model here used. Another
reason could be that in their work the authors created a cluster of
four S vacancies, whereas in our work we randomly introduced
the S vacancies to avoid any artificial clustering or pattern.

When considering interfaces with GBs, shown in Figure 5, we
observed a non-negligible decrease of the average interface dis-
tance not only with respect to the defect-free material but also
to the material with point defects. Indeed, we found dau—mos, =
243 A,2.50 A, 2.63 A in Au-4|4E, Au-4|4P, and Au-8|4, respec-
tively. Interestingly, by looking at the DFT-optimized structures
we observed a significant decrease of dau—Mos, in proximity of
the grain boundary in both Au-4|4P and Au-8|4. Indeed, from
Figure 5 it can be observed that the displacement of the Au atoms
is significant above the GBs in MoS,. On the contrary, we found
a more intimate contact (and thus an expected stronger orbital
overlap) in Au-4|4E, where the interaction between MoS, and
the Au electrode extends over the whole interface rather than be-
ing localized around the GB. This explains the shorter value of
d Au—Mos, with respect to the other two GBs here considered. The
EDD maps of such systems in Figure 6 confirmed our findings:
indeed, it is possible to observe a significant charge redistribution
in the proximity of the 8|4 and 4|4P grain boundaries, whereas the
charge redistribution in Au-4|4E is essentially delocalized over
the entire MoS, surface.

3.2.2 Tunnelling Barriers

Tunnelling barriers and tunnelling probabilities are useful param-
eters that can be used to estimate the electron injection rate (and
thus the charge transport) through the Au-MoS, contact. The tun-
nelling barrier is a consequence of the absence of covalent bonds
between the 2D material and the Au electrode. A high probability
of electron tunnelling suggests a strong orbital overlap between
the two materials, and therefore a reduced contact resistance is
expected. To extract such quantities, we computed the average
effective potential (Veg) of each interface structure, and we pro-
jected it along the direction of the Au-MoS, contact. By consider-
ing the shape of the potential barrier as a rectangle, the tunnelling
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Figure 7: Average effective potential of the defect-free Au-MoS,
structure, projected along the direction of the interface (top). The
bottom plot shows the zoomed area at the interface region. ®1p
is the vertical tunnelling barrier, whereas W is the barrier width.

probability (7') can then be defined as follows:>®

where m is the electron mass, 7 is the reduced Planck’s constant,
®rp is the vertical tunnelling barrier, and W is the width of such
barrier. As an example, Figure 7 shows the average effective po-
tential of the defect-free Au-MoS, interface, in the proximity of
the contact area. As can be seen from the figure, we calculated
®rp as the difference between the minimum effective potential of
Au and the value of the effective potential at the interface gap.?’
A summary of the computed parameters for each Au-MoS, inter-
face is shown in Table 2.

We first considered the defect-free interface, and we found a
rather large tunnelling barrier (®1p = 3.54 eV), corroborating the
contact between Au and MoS, to be weak and the orbital over-
lap limited. Interestingly, we note that experimental estimates of
the Schottky barrier height (SBH) of Au-MoS, contacts range be-
tween 0.13-0.32 eV in MoS,-based FETs>*® and 0.4840.12 eV
in MoS, exfoliated on template-stripped Au.®' Moreover, theo-
retical simulations predicted this value to be higher but still within
1 eV.308 There appears to be a lot of variability in terms of SBH,
which could be due to different experimental settings, a different
quality of MoS,, and different device architectures. Nevertheless,
we predicted P1p to be more than 3 times larger than the SBH ob-
tained via simulations and also significantly larger with respect to
the experimental values. This suggests ®rp to have a very large

)]

Table 2: Summary of the interface parameters of Au-MoS, con-
tacts computed in this work. dAu_M052 is the average interface
distance, ®drp is the vertical tunnelling barrier, and T is the tun-
nelling probability. In the three antisite Mo defect structures, the
average vertical separation between the extra Mo atom and the
Au bottom layer is also shown in parentheses.

Structure  daumos, (A)  Prs (V) T (%)
Pristine 271 3.54 19.4
Au-Vg 273 3.55 18.5
Au-Vs, 2.70 3.64 18.3
Au-Vio 2.71 1.04 64.1
Au-Mog 271 (2.28) 2.87 274
Au-Mog, 2.71 (2.36) 3.07 24.9
Au-Mo2g,  2.71(2.22) 277 29.4
Au-4[4P 2.50 3.19 24.8
Au-4|4E 2.43 3.02 27.3
Au-8|4 2.63 3.23 23.6

contribution towards the contact resistance at the Au-MoS, inter-
face, and therefore to possibly be one of the main limiting factors
in the device performance. Indeed, the large tunnelling barrier re-
sulted in a low tunnelling probabilty of 19.4%, suggesting a rather
poor electron injection from the metal to the semiconductor, and
therefore a high contact resistance. We point out that both values
compare very well with those obtained by Wang et al. (Pt =
3.51eV, T =15.27%), who performed similar theoretical studies
on unstrained and strained defect-free MoS,-metal interfaces.®
However, in real devices to have a perfect MoS, sheet is very un-
likely. Hence, it becomes extremely important to assess the effect
of defects on tunnelling barriers and probabilities.

We then considered interfaces with the defective material, and
we found that introducing sulfur mono- and di-vacancies in MoS,
led to a slight increase of ®rp, thus suggesting the worsening
of the contact. Indeed, the tunnelling probability decreased to
18.5% and 18.3% in Au-Vg and Au-Vgy, respectively. As previ-
ously discussed, we also increased the concentration of Vg and
we observed T to further decrease to 18.0% with four S vacan-
cies. Overall, these results suggest that S vacancies have a detri-
mental effect on the quality of the Au-MoS, contact and on the
electron injection rate. On the contrary, we observed the oppo-
site effect when introducing one Mo vacancy: ®rp decreased
by a factor of 3 with respect to the pristine material (1.04 eV
against 3.54 eV) and, as a consequence, T dramatically increased
to 64.1% suggesting a significant decrease of the contact resis-
tance. This correlates with the large atomic displacement ob-
served at the interface discussed in the previous section due to
the dangling bonds of the three S atoms surrounding the Mo va-
cancy. Antisite Mo defects also led to an overall decrease of the
vertical tunnelling barrier, and to the increase of the tunnelling
probability: we found T=27.4%, 24.9%, and 29.4% in Au-Mosg,
Au-Mog), and Au-Mo2g,, respectively. Such an increased elec-
tron injection rate may be explained by looking at the extra Mo
atom, which acts as a “‘connecting bridge” between the Au elec-
trode and MoS,, thus facilitating the electron transfer between the
two materials and also lowering the contact resistance. As previ-



ously mentioned, this is confirmed by the ELF plot in Figure S4.

Overall, our results suggest that the presence of either di- or S
mono-vacancies worsens the quality of the contact between Au
and MoS,, whereas antisite Mo defects appear to bring a non-
negligible improvement. It is worth noting that vacancies (S and
Mo) are generated mainly via CVD method, whereas antisite Mo
defects via PVD. This means that the choice of the MoS, growth
method is crucial, and needs to be considered extremely care-
fully when fabricating devices. For instance, from the point of
view of the contact resistance only, PVD samples would proba-
bly be a good choice to improve the electron injection rate from
the Au electrode to the 2D material. A reduced contact resistance
would be undoubtedly beneficial for devices like FETs, in order
to limit parasitic currents and to lower the power consumption.
On the contrary, in devices like 2D memristors based on single-
layer MoS,, where a high-resistance state (HRS) is needed, PVD
samples would probably hinder the whole device functionality,
and thus we could argue that CVD-MoS, would be a much bet-
ter choice. Mo vacancies also appear to exceptionally improve
the contact between Au and MoS,, although we point out that in
real samples the concentration of such a defect is orders of mag-
nitude lower than that of S mono-vacancies. Thus, we expect the
simulations carried out in this work to overestimate the impact
of Vo on the interface properties. Nevertheless, if Mo vacan-
cies are desired these could also be introduced in the material via
surface engineering, for instance by heavy ion irradiation®? or by
chemical treatment. ©3

Then, we focused on GBs and we observed that these also led
to an overall non-negligible increase in the tunnelling probabil-
ity (see Table 2): we found T= 27.3%, 24.8%, and 23.6% in
Au-4|4E, Au-4|4P, and Au-8|4, respectively. This is once again
consistent with the results discussed in the previous section: in
general, the higher values of T with respect to the defect-free
material correlate with the decrease of the average interface sep-
aration distance caused by the GBs, which led to the formation of
some chemical bonds at the Au-MoS, interface. Moreover, the
high tunnelling probability observed in Au-4|4E can be explained
by the extended interaction between Au and MoS,, as previously
discussed.

Overall, our results suggest that the unusual bonding of S and
Mo at the boundary leads to an increased reactivity of MoS, to-
wards the metal electrode. Therefore, in the context of 2D devices
GBs may lead to extended areas with a locally-reduced contact re-
sistance. GBs are inevitably formed during the material growth,
and thus it is pivotal to be able to control the crystallinity of MoS,
in order to control, in turn, the concentration and the type of GBs.
As our results showed that GBs improve the electron injection, it
may be beneficial to engineer such extended defects in order to
increase their concentration, which could reach very high values
up to 10'2¢cm—2.%4 This could be achieved, for instance, with an-
nealing, mechanical strain, and irradiation. 6%

3.2.3 Electronic Properties

Finally, we looked at the DOS of the interface structures, pro-
jected onto the 4d orbitals of the core Mo atoms of MoS,, as
shown in Figure 8. By looking at the PDOS of the defect-free
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Au-MoS, interface it is possible to observe that the band gap of
the 2D material is mostly retained, suggesting a very limited band
hybridization between MoS, and the 5d orbitals of Au. Once
again, as previously discussed, this is consistent with the forma-
tion of a weak vdW gap between Au and MoS,, and with the low
electron injection rate. Additionally, we note a significant shift of
the Fermi level towards the conduction band edge of MoS,, sug-
gesting the n-type doping of the 2D material, consistently with
both experiments and previous theoretical findings.?”-36:67 Sulfur
mono- and di-vacancies added a number of additional intra-gap
states above the Fermi level of the system, as could also be seen
in the free-standing material (see Figure 3). However, as the in-
teraction between the two materials is still weak, we note that the
band gap of MoS, is essentially retained, and its metallization
limited. We found similar results when increasing the concentra-
tion of S vacancies, as can be seen in Figure S3 in the Supporting
Information. Interestingly, in Au-Vy, it is possible to observe
a high number of interfacial gap states, extending from the con-
duction band into the original material’s band gap. Moreover, we
note that these states cross the Fermi level of the system, suggest-
ing a strong band hybridization and the metallization of MoS,.
This further corroborates our previous findings on the very strong
interaction between the metal contact and the 2D material with
Mo vacancies. It should be noted, as previously mentioned, that
the concentration of Vi, would be much lower in real samples,
and therefore the impact of such a defect is most likely to be more
limited.

On average, with Mo antisite defects we could observe a more
significant metallization of MoS, with respect to both Au-Vsg
and Au-Vsy. For each of the structures (Au-Mos, Au-Mos,,
Au-Mo2g;) the presence of interfacial gap states induced by the
Au electrode is evident. We assume this effect to be due to the
presence of the extra antisite Mo atom on the MoS, surface:
as discussed in the previous sections, such Mo atom is able to
bridge the Au electrode with the 2D material, effectively facil-
itating the orbital overlap and increasing the electron injection
rate (see Table 2). On a final note, we observed a negligible spin
magnetic moment in Au-Mog and Au-Mos;, differently from the
free-stading material (see also Figure 3). Moreover, Au-Mo2g;
showed a significant decrease of the spin magnetic moment from
4.0 up (in the free-standing material) to 0.7 ug. This effect could
be explained by the dislocation of the extra Mo atom upon con-
tacting MoS, with the Au electrode. Such a dislocation leads
to the loss of one Mo-Mo bond, thus removing the magnetism.
Therefore, the magnetic moment in Au-Mo2g; derives from the
second antisite Mo atom which dislocated from its original posi-
tion only partially.

Among the interfaces with GBs, Au-4[4E is the structure that
shows the most significant metallization, and this is the case also
when compared with the systems in the presence of point defects.
We could argue this to be the consequence of the extended inter-
action of 4/4E with the metal electrode, as our previous results
suggested (see EDD maps in Figure 6). We observed a signifi-
cant band hybridization between Au and MoS, also in Au-4|4P
and Au-8|4, although somewhat less evident than in the previous
case. On a final note, as we did not observe any significant spin
magnetic moment in Au-4|4P, we assume the peak in the PDOS
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at ~-0.7 eV in the spin down channel to be due to some numerical
error in the adopted DOS integration scheme.

4 Conclusions

To conclude, we used density functional theory simulations to
extensively investigate the impact of both point and extended
defects on the properties of MoS, in contact with the Au elec-
trode. To accurately simulate realistic Au-MoS, interfaces we
employed a surface model based on the Green’s function formal-
ism. We chose to focus mainly on the most abundant defects with
either CVD (that is, Vs, Vs2, Vmo) or PVD (i.e., Mos, Moss,
Mo2s;) growth processes. Among the grain boundaries, we mod-
elled three representative cases characterized by a tilt angle of 60°
(4|4P, 4]4E, 8]4). See Figure 2 and Figure 4 for the optimized
geometries of point defect and grain boundary structures, respec-
tively.

First, in order to decouple the effect of the Au electrode from
that of defects in MoS,, we investigated the impact of small point
defects and grain boundaries on the electronic properties of free-
standing single-layer MoS,. We found that each point defect
caused the appearance of a number of extra states in the origi-
nal material’s band gap, as can be seen in Figure 3. For instance
S mono- and di-vacancies led to extra gap states located above
the Fermi level and near the conduction band edge of the mate-
rial, whereas one single Mo vacancy introduced a higher number
of deep mid-gap states both above and below the Fermi level of
MoS,. Similarly, we observed that also antisite Mo defects intro-
duced intra-gap states and caused a non-zero spin magnetic mo-
ment in the material. Finally, we could observe that grain bound-
aries 4|4P and 4|4E behave as “metallic-like strips” in MoS, by
leading to the formation of a high number of intra-gap states ex-
tending throughout the whole original material’s band gap. Con-
trary to such a behavior, we found 8|4 to cause extra mid-gap
states located above the Fermi level of the material. Therefore,
it is evident that defects have a non-negligible effect on the elec-
tronic properties of MoS,.

In the second and main part of this work we constructed inter-
faces between both pristine and defective MoS, and the Au(111)
electrode. More specifically, we explored: i) how the structure of
both materials changed upon the formation of the contact; ii) the
impact of defects on the orbital overlap and the metal-to-MoS,
tunnelling probability; iii) how the electronic properties of de-
fected MoS, are affected by the presence of the metal electrode.

We started to model the defect-free interface, and we found that
the contact between Au and MoS, is characterized by weak dis-
persion interactions, i.e., a van der Waals gap. From the structural
point of view, we could corroborate this by the large interface sep-
aration distance (2.71 A) between the materials (see Figure 5),
and by computing the electron density difference (EDD) map of
the whole system upon the formation of the contact, shown in
Figure 6. Indeed, the EDD map showed that there is some lim-
ited charge redistribution mainly at the MoS, surface. In general,
a weak vdW gap would correlate with a low electron injection
rate and with a limited effect on the electronic properties of the
2D material. Our simulations confirmed such an hypothesis, as

we found a low tunnelling barrier of 19.4% (shown in Table 2)
and no metallization of MoS, (see PDOS in Figure 8).

Then we started introducing defects in the material, and we
found that S vacancies led to an overall small decrease of the
quality of the metal contact. On average, the interface distance
between Au and MoS, did not change but we could observe some
degree of disorder in the bottom-most Au layer, leading to a lim-
ited atomic rearrangement in the metal. Electron injection rates
from the metal to the 2D material were found to slightly decrease
with respect to the pristine case to 18.5-18.3%, and once again
we could not observe the significant formation of interfacial gap
states. Interestingly, increasing the concentration of S vacancies
up to 10 cm™2 further decreased the tunnelling probability up
to 18.0%. On the other hand, the Mo single vacancy significantly
improved the quality of the contact, as we could see by the relaxed
interface geometry and the EDD map, which shows a significant
charge redistribution in both MoS, and the Au electrode. More-
over, the tunnelling probability dramatically increased to 64.1%,
confirming the higher level of hybridization between the Au 5d
orbitals and the 3p and 4d orbitals of S and Mo, respectively.
Such an hybridization can be also observed in the PDOS of the
system in Figure 8. As the PDOS crosses the Fermi level, we can
also note the metallization of MoS,.

In the case of antisite Mo defects, we observed an overall im-
provement of the Au-MoS, contact, and our results suggest this
to be due to the presence of the extra Mo atom acting as a conduc-
tive bridge between the electrode and the 2D material. EDD maps
corroborate this, as a large charge redistribution can be observed
on the antisite Mo. Indeed, we found this to correlate with an im-
proved electron injection rate, which increased above ~25% for
each of the three antisite Mo systems here considered. Also, the
presence of interfacial gap states in the MoS, PDOS was evident.

The presence of grain boundaries led to a shorter interface sep-
aration between Au and the 2D material. This should correlate
with a better electron injection rate and a strongerAu-MoS, in-
teraction. Indeed, this was later confirmed by our further simu-
lations: tunnelling probabilities increased up to 27.3%, and once
again the increased orbital overlap was evident by looking at the
formation of interfacial gap states in the PDOS plot of each sys-
tem.

In conclusion, our results showed that defects have a significant
impact on the Au-MoS, contact properties by either worsening
or improving the quality of the MoS,-metal interface. Interest-
ingly, we point out that S vacancies, which have a detrimental
effect, are generated mainly via CVD, whereas Mo antisite de-
fects, which instead improve the contact, mainly with PVD. This
shows how crucial the MoS, growth method is, as it does not
only influence the material itself but also the properties at the
metal contact. Based on our results, we could argue that, from
the point of view of the quality of the metal contact, PVD-MoS,
should lead to a decrease in the contact resistance. This should be
beneficial in devices like 2D-FETs to reduce the power consump-
tion and to improve the performance. On the contrary, CVD-
MoS, might be preferred in devices like memristors based on
single-layer MoS,, as S vacancies appear to have a central role
in the device working mechanism. Mo single vacancies, which
dramatically improve the electron injection rate, are also mainly



generated via CVD, however the typical Mo defect density is or-
ders of magnitude lower than that of S mono-vacancies. Here,
defect engineering might be a viable solution to increase the con-
centration of such a vacancy to improve the contact. The grain
boundaries considered in this work were all shown to reduce the
average interface distance, and therefore if the aim is to increase
the metal-to-MoS, tunnelling probability, the engineering of the
grain boundaries could also be a viable option to increase the con-
centration of such extended defects.

Clearly, it is worth noting that in real devices other factors may
further complicate the quality of the metal-MoS, interaction. For
instance, it is highly likely that more than a single type of defect
is present in the material. Similarly, defects and grain boundaries
are likely to coexist in MoS,. Extra adatoms deriving either from
the growth or the transfer processes may also be present. Never-
theless, we expect our study to provide guidance on how to design
metal contacts depending on the device application, and to which
growth technique may be best suited for the purpose.
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